A multidimensional analysis of two-particle correlations in n ^-interactions at 250 GeV/c shows in teresting structure. Particularly strong positive shortrange rapidity and azimuthal correlations are observed for low-pT like sign pairs. This observation is not repro duced by models used for comparison (FRITIOF, DPM, quark gluon (multi)string model). A possible explanation is Bose-Einstein interference not included in these models.
Introduction
Two-particle correlation functions have large positive values in the central region of hadron-hadron, leptonhadron and e +e" -collisions. Recent results are presented in [1] [2] [3] [4] [5] [6] [7] [8] , reference to earlier ones can be obtained from there. Presently existing low-pT Monte Carlo models for hadron interactions are not able to describe the shortrange correlations observed [2, 7] . Furthermore, also for e +e" -models two particle-correlations are found to be more stringent tests than single-particle distributions [8, 9] . To find the origin of disagreement between models and data, more detailed analysis of correlation phe nomena is required, including that of correlation func tions in more dimensions.
The recent revival of interest in a detailed investigation of two-particle correlations is connected with the obser vation of an intermittency effect in hadron production, aNow at MPI, Munich, Germany bEC guest scientist c Bevoegd verklaard Navorser NFWO, Belgium d Partially supported by grants from CPBP 01.06 and 01.09 for which the importance of a multidimensional analysis has recently been established [10] . Interesting effects, in particular on the p T dependence of intermittency, are observed in the N A 22 experiment [11] . A detailed inves tigation of two-particle correlations and intermittency can be performed in the same experiment.
The results on two-and three-particle rapidity cor relations in 7t+p, K*p and pp-\n ter actions at 250 GeV/c are published in [7] . In this paper, azimuthal cor relations and rapidity correlations are presented for n +pinteractions at 250 GeV/c, both for all particles and for particles in different transverse momentum intervals. The results are compared with model predictions.
Section 2 contains the description of the experimental method and the data sample. In Sect. 3 we give some information on the models used for comparison. The ex perimental results are presented and compared to the model predictions in Sect. 4 . The main conclusions are summarized in Sect. 5.
Experimental method
The data are obtained with the European Hybrid Spec trometer (EHS) using the Rapid Cycling Bubble Cham ber (RCBC) as a vertex detectors. EHS is exposed to a 250 GeV/c tagged positive, meson enriched beam and a minimum bias interaction trigger is used. The details of the spectrometer and the trigger can be found in [ 12] . The average momentum resolution Ap/p varies from a maximum of 2.5% at 30 GeV/c to around 1.5% above 100 GeV/c.
Events are accepted for the present analysis when measured and reconstructed charge multiplicity are con sistent, charge balance is satisfied, no electron (of P]ab < 200 MeV/c) is detected and the number of badly reconstructed (and therefore rejected) tracks is at most 0, 1, 1, 2 and 3 for events with charge multiplicity 2, 4, 6, 8 and > 8 , respectively. After these cuts, our inelastic sample consists of about 97 000 n + p events.
Single-diffractive events are defined as events of charge multiplicity n <* 6 with at least one positive particle having Feynman \x\ > 0.88 and are removed from the sample. This corresponds to a reduction by 12 500 events. As shown in [7] , exclusion of single-diffractive events facilitates comparison to model predictions and to cor relations in other types of collisions (e+e~, Ih), but does not significantly affect the two-particle correlations in the central region of hadron-hadron collisions.
For momenta plah < 0.7 GeV/c, the range in the bubble chamber and/or the change of track curvature is used for proton identification. In addition, a visual ion ization scan has been used for /?lab < 1 .2 GeV/c on 62% of the 7i +p sample. Particles identified as protons are removed from the sample for rapidity correlation analysis and are used with the proton mass in the analysis of azimuthal correlations. Particles with momenta p^h > 1 .2 GeY/c are not identified in the present analysis and are treated as pions.
The loss of events during measurement and recon struction is corrected for by means of the topological cross section data [ 12] .
Corrections for rejected tracks amount to 6-7% of the tracks. They are approximately independent of the mul tiplicity n and are assumed to be independent of rapidity y. It has been verified that the results do not change if the analysis is restricted to the sub-sample of events with all tracks accepted. PS : V : T = 50:35:15. Monte Carlo events satisfying the "diffractive" criteria (see Sect. 2 above) are excluded.
The quark-gluon string model [15] , just as DPM, is based on dual topological unitarization. In addition to the two strings used in our DPM version, in QGSM strings are formed between sea quarks and antiquarks of the colliding hadrons. The transverse momentum distribu tions of valence and sea quarks in the hadron are of the form P (kf) = A exp (bkf) with b = 6.25 (GeY/c) 2 for the cylindrical diagram. The string breaking algorithm of QGSM is described in [15] . The last break-up of the string is an isotropic two-particle cluster decay. A ratio PS : Y = 1:1 is used, without addition of tensor mesons.
All peculiarities of particle identification and experi mental cuts were taken into account in the Monte Carlo simulation before comparing to the data. It has been verified by a Monte Carlo run at generator level that this does not change the results by more than the statistical errors.
Comparison of our charge multiplicity distributions and single-particle inclusive spectra have been performed with 2-string DPM and FRITIOF in [12] and with QGSM in [15] . In general, both models reproduce the single particle inclusive distributions. The multiplicity distri butions are reproduced best in QGSM. In particular, this is true at large multiplicity w, where multi-string forma tion is important.
Results

Rapidity correlations
The rapidity correlation function can be written in the form
Quark models
In the present paper a comparison is performed with three models: FRITIOF [13] , a two string version of the dual parton model (2-string DPM) [14] and the quark-gluon string model (QGSM) [15] .
In FRITIO F each of the colliding particles is excited to form a dipole. The meson dipole fragments like a quarkantiquark chain in e*e~-annihilation and the nucleon dipole like a quark-diquark chain in lepton-nucleon col lisions. The model includes gluon radiation, hard parton scattering and diffractive-like excitation.
In the DPM version used [16] , two strings are formed in the interaction. One string is stretched between the meson quark and the proton diquark, the other between the meson antiquark and the residual proton quark.
Quark fragmentation is performed according to the symmetric LUND model [17] . The primordial transverse momentum of valence quarks corresponds to a Gaussian distribution with average (kt} = 0.42 GeY/c. Parameter values are default, except for the width of the Gaussian px and py transverse momentum distribution for primary hadrons (cr = 0.44 GeY/c). The model, furthermore, in cludes the production of tensor mesons in the ratio
are densities normalized to the particle multiplicity and particle pair multiplicity, respectively. Commonly used are also the normalized correlation functions or factorial cumulants :
The correlation functions C2(yu y2) and K2(yu y2) are connected to the factorial moments used in the analysis of fractal properties (intermittency) of multipar ticle production. For rapidity bin size Sy near rapidity y it the factorial moment F2 and the normalized factorial moment F2 averaged over all events, can be written in the form [18] : 
To calculate factorial moments analytically, it is necessary to know the analytical expression for the corre lation function. The fact that normalized factorial mo ments increase with decreasing bin size Sy [11] leads to the expectation that the correlation function C2 (or K2) has a residual structure inside the interval = 0 .5, com monly used as the smallest bin size in correlation studies.
To appreciate this structure we fit C2(yliyz) and To be consistent with the data, the function value aver aged over the corresponding y2 interval is used in the fitting procedure. The results are shown in Fig. 1 Tables 1 and 2 for C2 and Tables 3 and 4 for K2. The Gaussian function (4) (full lines) gives a much better description of the rapidity correlation for the central ra pidity bin than the exponential (5) (dashed lines). The results are similar for bin size -0.1 (not shown). The j£2 (05 ^2) are further used for the analysis of the p r -dependence of correlation phenomena. In Fig. 2b , c the K2(0iy2) functions are shown for particles with p T < 0.30 GeV/c a n d p T > 0.30 GeV/c, together with re sults of their fit by functions (4) and (5) . The parameters of these functions are given in Tables 5-8 . For low-pT particles, K2(09y2) is larger near y2 = 0 than for higher p Ti in particular for the ( -----) combination.
In our intermittency analysis [11] , the values of fac torial moments are averaged in rapidity between -2 and + 2. This procedure is equivalent to averaging the cor relation functions and cumulants along the diagonal in the (yl9 y2)-plane. For this reason, the correlation func tions can be rewritten in variables corresponding to di agonals in the (yu y2)-plane, which we take as x{ = h ± h . v Assuming a power-law behavior F2~(öx2) f2> we find f 2cc = 0.008 ±0.003 and f 2~ =0.021 ±0.005, in rough agreement with the slopes found in the last ref. [11] . Less significant increase is visible for ( H -) than for ( -----)pairs in K2 (Fig. 4a ), thus indicating that the rise of the factorial moments with decreasing resolution is mostly due to like-sign pairs.
In Fig. 4b, c / 3 = c exp ( -x%/2cr2) (6) only obtained if the fit is restricted to the region (Table 10b ).
x. <0.4 f 4 = aoxp( -bx2) forx2^0 (7) in x2-binning of Jx 2 = 0.5 and 0.1, respectively. The fit ting procedure is the same as for (4) and (5) . (Note that resolution J x = 0.1 is equivalent to resolution Sy = 0.14 since the 7 -scale is multiplied by | / 2 , compared to the xscale). The fit results are given in Tables 9-12 . Now both functions fail to fit the data. Acceptable x2 values are
Azimuthal correlations
In /z/z-in ter actions, no distinguished direction exists in the plane transverse to the beam and the distribution in the azimuthal angle < p is uniform. A two-particle correlation, however, exists also in < p and can be expressed as the distribution in A<p = | p, -< p2 | , the azimuthal angle be tween two particles, defined between 0 and n . The azia I 363 muthal correlation may depend on the charge of the par ticles in the pair, on the rapidity distance A y = \y¡ -y2 between these particles and on transverse momentum. Already the first experiments extensively studying twoparticle correlations as a function of both rapidity and azimuthal angular separation [19, 20] could show that the correlation at small rapidity distance is strongest when the two particles are produced in the same (A q > = 0) or opposite (A(p = n) directions in transverse momentum. The range of the rapidity correlation is larger towards A(p -n than towards ,dp = 0 . Furthermore, significant differences in the shape of the joint rapidity and azi muthal correlation functions have been observed for pairs of like and unlike pions [2 0 ].
In Fig. 5a , the probability distribution W{Acp,Ay), defined as the number of pairs at (A<p,Ay) normalized to unity, is shown as a function of Acp, for all charge combinations, in the Ay intervals for Ay < 1, 1 < A y < 2 and 2 < Ay < 3. The absence of correlation in (p would correspond to flat distribution in ¿dp at the value W{A(p,Ay) = 1/tt (dotted lines). The distribution is in fluenced by conservation of transverse momentum, by decay of resonances (for unlike-sign particles) and by Bose-Einstein correlations (for identical particles). In all cases, W is larger than 1 jn for A (p> n¡2 and has a maximum at A(p = n. Except for ( -----) pairs at Ay < 1, the W function is smaller than \/n for A<p < n/2. The source of such a global anti-correlation is transverse mo mentum conservation.
Model predictions are shown in Fig, 5 a for FRITIO F 2.0 (dot-dashed), two string DPM (full line) and multi-string QGSM (dashed). The comparison with the data shows that it is easier to predict azimuthal cor relations at large than at small Ay, where models differ from each other and from the experimental data. Differ ences between experiment and all models exist at small A < p and Ay < 1, in particular for ( -----) and ( + + ) pairs. The QGSM shows somewhat better agreement with the experimental distributions than the other models. This is a consequence of the multistring structure of QGSM, where strong azimuthal correlations existing within one string are destroyed and the /^-dependence is weaker than in the two-string models.
In Fig. 5 (Fig. 5 b) .
Bose-Einstein correlations (for recent reviews see [21] ) are not included in the models and may well be the most important source of this disagreement. The influence of Bose-Einstein correlation is reduced in the ( + + ) com bination due to the influence from the (positive) beam particles.
To estimate the influence of Bose-Einstein interference quantitatively, results from pion-interferometry analysis of our data [2 2 ] have been used to impose weights on ( -----) pairs at small Q2 in QGSM. These weights are defined to reproduce the experimental Q2 dependence of the ratio R between the ( -----) pairs and pairs from a mixed-event sample. The effect on the QGSM ( -----) azimuthal distribution in the upper left in Fig. 5 a, at small Ay is very small (within errors) when no p T cut is applied. (For ( -----) pairs of pT < 0.3 GeV/c particles (upper left in Fig. 5 b) inclusion of Bose-Einstein correlation in the above approximation does lead to a positive correlation at small A<p, but the value of it is about half o f that of the data. For a more accurate treatment, Bose-Einstein correlations have to be incorporated as an integral part into future hadronization models and (p correlations should be an additional challenge for their constructors.
For ( H -) pairs the first bin is contaminated by Dalitz-decay and y-conversion and not considered. From the remaining points at Ay < 1, one can see that the anti correlation in the data is underestimated by the models for low p T and overestimated for higher pT.
As the transverse momentum of particles increases (Fig. 5c ) the peak at Acp = n becomes more pronounced. This is reproduced by the models and reflects momentum compensation.
Asymmetry o f azimuthal distributions
The correlation in azimuthal angles W(Aq>) can be char acterized by the asymmetry A defined as
N(Ap)>n/2)-N(Aç<n/2) N{A(p > n l2 )JrN{A(p < n/2)
The asymmetry parameter is an integral parameter of the W{Aq>) distribution and can be used in an analysis of the azimuthal distributions in their dependence on rapid ity gap Ay of particle pairs and pT of particles.
In Fig. 6 a we plot A versus the rapidity gap Ay for the different charge combinations. A t small Ay, the Ay dependence of A is similar for ( + 4* ) and ( -----) pairs, both starting from a small value and showing a steep increase of A with increasing Ay. At larger Ay, the asym metry A decreases for ( -----) pairs and remains approx imately unchanged for ( + + ) pairs. This latter effect is due to the anticorrelation of beam-and target-like par ticles at large Ay. For ( H -) pairs, A is large at Ay = 0, but decreases with increasing rapidity gap. For cc-pairs this structure practically cancels and A is practically con stant.
The experimental dependence is not reproduced in the models. For DPM this observation agrees with the conclusion from an analysis of pp-interactions at 360 GeV/c in NA23 [2] . For QGSM the difference with experiment in asymmetry is smaller than for DPM and FRITIOF.
In No good model description is available for ( -----) and ( + + ) pairs at small Ay, both for all p T and in limited pT regions. When adding Bose-Einstein effects by the weighting procedure, again practically no difference is observed in the QGSM predictions for the ( -----) pairs at Ay < 1 without p T cut (upper left of Fig. 6 a) . For ( -----) pairs at small p T (upper left of Fig. 6 b) the value for A changes from 0.00 to 0.03 (not shown). Again, this is about 50% of the discrepancy between model and ex periment.
For (H-) pairs at small Ay, models give too large an asymmetry parameter A for large p T and too small A for low p T. For QGSM this failure is canceled in the distribution for all p T
Conclusions
In this paper we report on results of a study of twoparticle rapidity-and azimuthal angle correlations in n *p interactions at an incident beam momentum of 250 GeV/c. increase in their maximum when the resolution S ( ^ ^ ) changes from 0.5 to 0.1. This is in agreement with the intermittency effect observed in factorial moment analysis. Significant deviations from FRITIOF, DPM and QGSM model predictions are observed for correlations at small values of A<p and Ay and in the asymmetry at small Ay for like-charge particle pairs. These effects are enhanced for particles with small transverse momentum. Rough treatment of Bose-Einstein correlations can ac count for about half of the effect at low p T. A more accurate treatment should be a challenge for future hadronization models.
In addition, there is no good model description of the Acp distribution and asymmetry for ( H -) pairs at small Ay, in particular in separated pT regions.
